Iron oxide nanoparticles (NPs) with diameters of 16.1, 20.5, and 20.8 nm prepared from iron oleate precursors were coated with poly(maleic acid-alt-1-octadecene) (PMAcOD). The coating procedure exploited hydrophobic interactions of octadecene and oleic acid tails while hydrolysis of maleic anhydride moieties allowed the NP hydrophilicity. The PMAcOD nanostructure in water and the PMAcOD-coated NPs were studied using transmission electron microscopy, -potential measurements, small-angle X-ray scattering, and fluorescence measurements. The combination of several techniques suggests that independently of the iron oxide core and oleic acid shell structures, PMAcOD encapsulates NPs, forming stable hydrophilic shells which withstand absorption of hydrophobic molecules, such as pyrene, without shell disintegration. Moreover, the PMAcOD molecules are predominantly attached to a single NP instead of self-assembling into the PMAcOD disklike nanostructures or attachment to several NPs. This leads to highly monodisperse aqueous samples with only a small fraction of NPs forming large aggregates due to cross-linking by the copolymer macromolecules.
Introduction
Magnetic nanoparticles (NPs) have received considerable attention because they hold promise of many exciting applications, such as magnetic storage media, [1] [2] [3] ferrofluids, [4] [5] [6] biosensors, 7 contrast enhancement agents for magnetic resonance imaging, [8] [9] [10] [11] bioprobes, 12, 13 catalysis, 3 etc. Because magnetic properties are size-dependent, 3, [14] [15] [16] obtaining narrow NP size distribution is an important requirement in magnetic NP syntheses. Monodisperse iron oxide NPs can be prepared by thermal decomposition of iron acetylacetonates 1, 17, 18 or carboxylates [18] [19] [20] in high-boiling solvents containing surfactants (oleic acid, oleylamine, etc.). As recently reported, 21 the mechanism of thermal decomposition of a precursor (a "heatingup" process) is similar to that of a "hot injection" method in separation of nucleation and growth events, leading to monodisperse NPs.
Typically, NPs prepared via thermal decomposition of a precursor are hydrophobic, whereas for many applications, including biomedical functions, the NPs should be hydrophilic. Several methods were suggested to hydrophilize hydrophobic nanoparticles: ligand exchange, 22-26 attachment of polymer chains on nanoparticle surface, 27, 28 formation of NPs in the presence of polymeric surfactants, 29 or encapsulation of the NPs with amphiphilic molecules thanks to formation of hydrophobic double layers. [30] [31] [32] We believe that the last method is especially robust and facile for NP hydrophilization. [30] [31] [32] The encapsulation of monodisperse iron oxide NPs by PEGylated phospholipids was described earlier. 33, 34 This method yielded exceptionally stable and biocompatible NPs, but the high price of PEGylated phospholipids limits their potential applications for NP hydrophilization and stimulates the search for more affordable amphiphilic molecules.
Alternating amphiphilic copolymers proved to be good candidates for NP functionalization. 35, 36 The hydrophilization of hydrophobic nanoparticles using short (7300 Da) poly(maleic anhydride-alt-1-tetradecene) was described by Pellegrino et al. 35 To stabilize the polymer coating, the authors used bis(6-aminohexyl)amine cross-linking the shell via interaction with anhydride moieties. Solubility in water was achieved by hydrolysis of the remaining anhydride moieties. The largest NPs stabilized by this method did not exceed 9.2 nm, and no structural studies were performed on these NPs. In the present paper, we report on a simplified procedure of stabilization of large magnetic NPs (16-21 nm in diameter) with a much longer alternating block copolymer (30 000-50 000 Da), poly(maleic anhydride-alt-1-octadecene) (PMAOD). Interestingly, hydrolysis of PMAOD in water leads to poly(maleic acid-alt-1-octadecene), PMAcOD, where maleic acid units are highly hydrophilic. We believe that the longer copolymer chains used here provide a stable NP shell without additional cross-linking and loss of carboxy functionality, whereas the longer hydrophobic tail (C 16 vs C 12 in the previously studied copolymer 35 ) allows a more stable hydrophobic double layer. In a recent paper by Di Corato et al., 37 the same PMAOD was used, as well, for NP hydrophilization; however, the authors again employ cross-linking with an amine for coating stabilization, which we prove unnecessary. PMAOD was also recently used for coating of magnetic NPs after alteration with poly(ethylene glycol) (PEG) chains; 36 however, it seems to be reasonable only for certain applications.
In the present work, both PMAcOD self-assembling in water and structure of NPs coated with PMAcOD were comprehensively characterized for the first time using small-angle X-ray scattering (SAXS), transmission electron microscopy (TEM), -potential measurements, and fluorescence studies of the pyrene uptake. X-ray powder diffraction (XRD) and FTIR were used for the NP characterization.
Among methods providing structural information about complex polymer or composite polymer/NP structures, SAXS holds special advantages due to its capability to comprehensively characterize sophisticated polymer matrices, the NP size distributions in them, and the structural changes occurring during the NP formation processes. Importantly, specimens are studied in their natural media and aggregate states. 38 In our preceding work, we have studied structural characteristics of different kinds of novel advanced nanomaterials at resolution from about 1 to 100 nm. [39] [40] [41] [42] [43] [44] SAXS allowed us to obtain size distributions of metal NPs, their locations in metal containing polymer matrices, [39] [40] [41] [42] 45, 46 and structural information about internal organization of the entire system. [41] [42] [43] [44] Novel methods for SAXS data analysis originally developed for biological systems [47] [48] [49] were for the first time successfully applied to complex polymers systems, including those containing metal nanoparticles. 34, 41, 50, 51 In the present paper, SAXS allows us to address the major concern of using high molecular weight alternating copolymer: NP aggregation due to attachment of one copolymer molecule to several NPs. SAXS reveals highly homogeneous populations of individual NPs showing only a marginal fraction of crosslinked aggregates and demonstrating that in the vast majority of cases, a copolymer molecule interacts with a single NP.
Experimental
1. Materials. FeCl 3 · 6H 2 O (98%), and docosane (99%) were purchased from Sigma-Aldrich and used as received. Hexanes (85%), ethanol (95%), and acetone (99.78%) were purchased from EMD and used as received. Chloroform (Mallinckrodt, 100%), oleic acid (TCI, 95%), TBE buffer (1.3 M Tris, 450 mM boric acid, 25 mM EDTA · Na 2 in H 2 O, Fluka), and oleic acid sodium salt (ScienceLab.com, 95%) were used without purification. PMAOD (30 000-50 000 Da, Aldrich) was used as received. Water was purified with a Milli-Q (Millipore) water purification system (18 µS). Pyrene (98%, Aldrich) was recrystallized twice from ethanol and sublimed in vacuum at 80°C.
2. Synthetic Procedures. 2.1. Synthesis of Iron Oxide Nanoparticles. The synthesis of iron oleate was carried out using a published procedure. 20 The resultant iron oleate was either dried at 70°C in a vacuum oven for 24 h (notation FeOl2, see ref. 52 ) or first extracted with ethanol and acetone to remove impurities, including oleic acid, and then dried at the above conditions (notation FeOl4; see ref 52) . The spherical iron oxide nanoparticles with mean diameters of 16.1 nm (3.7% standard deviation, NP1) and 20.5 nm (4.1% standard deviation, NP2) were synthesized using thermal decomposition of FeOl4. 53 In a typical experiment for NP1, 1.39 g (1.5 mmol for the molecule containing three oleates per one Fe) of FeOl4, 1.6 mL of oleic acid (5 mmol), and 7.7 g of docosane (hydrocarbon C 22 H 46 , solid at room temperature) were mixed in a three-neck, round-bottom reaction flask, and the flask was degassed four times using "evacuation-filling with argon" cycles, ending with filling with argon. Then the mixture was first heated to 60°C to melt the solvent and allow the reactants to dissolve under vigorous stirring. Then the temperature was increased to 370°C with a heating rate of 3.3°C /min (using a digital temperature controller with an attached Glas-Col heating mantel and set temperature of 380°C) under vigorous stirring and refluxing for 3 min. The resultant solution was then cooled down to 50°C, and a 50 mL mixture of hexane and acetone (volume ratio 1:1) was added into the reaction flask to precipitate the NPs. The NPs were separated by centrifugation and washed three times by a mixture of hexane and acetone (volume ratio 1:3). After washing, the resultant NPs were again centrifuged and dissolved in chloroform for long-term storage. (Alternatively, the solid reaction solution can be stored in a refrigerator, and aggregation-free NPs can be collected and washed directly when needed.) NP2 was prepared in a similar fashion using 1.5 mL of oleic acid. The 20.8 nm NPs (4.0% standard deviation NP3) were prepared according to the procedure described in our preceding papers using FeOl2 as a precursor. 34, 52 2.3. Encapsulation of Iron Oxide Nanoparticles with PMAc-OD. To encapsulate the iron oxide nanoparticles in PMAOD, a stock solution of PMAOD in CHCl 3 was made with a concentration 0.01 g/mL. The solution of 1 mg of iron oxide NPs in 1 mL of chloroform was added to 1 mL of the PMAOD solution and allowed to stir for 1 h. Chloroform was then removed under vacuum, and 2 mL of 20% TBE buffer was added. Then the solution was sonicated for 10 min and heated at 60°C for an additional 10 min. Aggregates were removed by centrifugation at 3000 rpm (twice for 15 min), and excess polymer and TBE buffer were removed by ultracentrifugation (1 h, 90 000 rpm, 4°C), followed by filtration centrifugation using 0.4 µm Millipore filters (10 min, 6000 rpm, 3 times). The final product was then analyzed to confirm uniformity and absence of free polymer using TEM and DLS. The yield of the purified particles was 90%.
2.4. Hydrolysis of PMAOD Polymer. PMAOD solution (0.8 mL, 0.01 g/mL in CHCl 3 ) was evaporated in a vacuum oven. To the dried sample, 3 mL of 20% TBE buffer was added, and the solution was stirred for 72 h. The solution was then heated to 60°C for 1 h and stirred at room temperature for an additional 24 h. The product was purified by dialysis against deionized water for 24 h.
Preparation of Samples for Fluorescence Spectroscopic Analysis.
To prepare the 6 × 10 -7 M pyrene aqueous solution (the concentration of a saturated pyrene solution in water is 7 × 10 -7 M), 10 µL of the pyrene ethanol solution (1 mg/mL) was evaporated in a flask under a flow of nitrogen, and then the flask was charged with 82 mL of Milli-Q water. The resultant solution was stirred overnight in the dark.
To prepare a solution containing 6 × 10 -7 M pyrene and iron oxide NPs coated with PMAcOD, 10 µL of the pyrene ethanol solution with a concentration of 0.1 mg/mL was evaporated in a flask, and then 1.65 mL of the 0.7 mg/mL NP3-PMAcOD aqueous solution was added, and the mixture was stirred for 24 h in the dark. In addition, the above solution was diluted with a 6 × 10 -7 M pyrene aqueous solution to obtain the final solutions with concentrations of 0.35, 0.07, and 0.007 mg/mL. Each solution was stirred for 24 h in the dark for equilibration.
3. Characterization. FTIR spectra were recorded on a Nicolet spectrometer by placing the sample on a KBr disk and evaporating the chloroform or THF.
-Potential measurements were performed using a Malvern Zetasizer Nano ZS equipped with an MPT-2 autotitrator containing HCl (0.1 M and 0.01 M) and NaOH (0.1 M). The software was programmed to titrate the solutions from pH 7.5 down to pH 2.5-3 in increments of 0.5 pH. -Potential and pH values were measured before and after sample recirculation through the folded capillary cell. Data was processed using the absorption of bulk iron oxide, the indices of refraction of iron oxide and solvent, and the viscosity of the pure water. The Smoluchowski approximation was used to convert the electrophoretic mobility to a -potential.
Electron-transparent specimens for TEM were prepared by placing a drop of a dilute solution onto a carbon-coated Cu grid. Images were acquired at an accelerating voltage of 80 kV on a JEOL JEM1010 transmission electron microscope. Images were analyzed with the Adobe Photoshop software package and the Scion Image Processing Toolkit to estimate NP diameters. Normally, 150-300 NPs were used for analysis.
X-ray diffraction patterns were collected on a Scintag thetatheta powder diffractometer with a Cu KR source (0.154 nm).
The synchrotron radiation X-ray scattering experiments were performed on the X33 camera 54 of the European Molecular Biology Laboratory (EMBL) on the storage ring DORIS III of the Deutsches Elektronen Synchrotron (DESY, Hamburg). A MAR Image plate detector was used to collect the scattering data in the range of the momentum transfer 0.1 < s < 5.0 nm -1 , where s ) (4π sin θ)/λ, 2θ is the scattering angle, and λ ) 0.15 nm is the X-ray wavelength. PMAcOD and iron oxide nanoparticles coated with PMAcOD (NP1-PMAcOD) in solution were measured with exposure times of 2 min in a vacuum cuvette to diminish the parasitic scattering. Concentrations of the samples in the range 0.1-1.0 mg/mL were chosen to minimize interaction of the particles. Primary data processing was carried out using standard procedures. 55 To determine distance distribution functions p(r) of the samples, an indirect transform program GNOM 56 was used. An ab initio method of structural modeling (program DAMMIN 46 ) was employed to reconstruct the low-resolution shape and internal structure of the iron oxide cores of the NPs.
The spatial structure of the -MAcOD-units of the alternating copolymer was modeled by Cerius2 (version 3.5, MSI/ Accelrys). 57 The first step was to construct a single -MAc-ODunit. Because of chirality of the two linkage carbons of the -MAc-subunit and one linkage carbon of the -OD-subunit, the -MAcOD-unit can adopt up to eight possible configurations. Correspondingly, eight models were created for the -MAcOD-unit. They were designed as RRR, RRS, RSR, RSS, SRR, SRS, SSR, and SSS, respectively where R (rectus) and S (sinister) indicate the configuration of the corresponding chiral carbon. In the second step, each model of the -MAcODunit was solely used to build a short PMAcOD polymer chain consisting of 10 -MAcOD-units with an extended conformation, generating eight models of the PMAcOD polymer chain correspondingly. Energy minimization was carried out for each PMAcOD polymer model. The resulting structures of the short PMAcOD polymer chain were consequently used to construct models of self-association of this polymer in solution. These structures were taken into use in two ways: (i) a structure was entirely taken as a building block or (ii) a structure fragment of one -MAcOD-unit was taken from the structure and used as a basic building unit. Bilayer assemblies of different geometrical shapes were constructed, and their SAXS patterns were calculated using the program CRYSOL 48 and compared with the experimental scattering to find the overall organization of the alternating copolymer in solution best fitting the SAXS data. The agreement between the experimental data I exp (s) and those calculated from the models was characterized by the discrepancy
where N is the number of experimental points, c is a scaling factor and I calc (s j ) and σ(s j ) are the calculated intensity and the experimental error at the momentum transfer s j , respectively. Magnetic measurements were carried out using a Quantum Design MPMS XL magnetometer. Zero-field cooling curves were taken by cooling the sample in null field ((0.1 Oe) down to 4.5 K, applying a 50 Oe field, and then measuring the magnetization in regular temperature increments up to 300 K. For the FC curves, the samples were cooled in the 50 Oe field to 4.5 K and magnetization measurements were repeated in regular temperature increments up to 300 K.
Fluorescence spectra were recorded on a Perkin-Elmer LS-50B luminescence spectrometer equipped with a thermo NESLAB RTE-140 low-temperature bath circulator for temperature control. All measurements were carried out at 25°C unless stated otherwise. For measurements of the emission spectra, the excitation and emission slits were set at 5 and 3.5 nm, respectively. The excitation wavelength was set at 330 nm, and spectra were recorded from 350 to 550 nm with a scan rate of 200 nm/min.
Results and Discussion
1. Synthesis and Characterization Using -Potential Measurements. In this work, we used three NP samples for the PMAcOD coating: NP1 (16.1 nm), NP2 (20.5 nm), and NP3 (20.8 nm). NP1 and NP2 were prepared from the same iron oleate with a notation FeOl4. FeOl4 was subjected to additional purification to remove oleic acid uncontrollably formed during the iron oleate synthesis and included in the iron oleate structure. 52 This precursor required the addition of the increased amount of oleic acid (capping molecules) during the NP synthesis for the successful NP stabilization (see Experimental Section and the Supporting Information, SI). NP3 was prepared from the other iron oleate precursor with a notation FeOl2, which was thermally treated after synthesis, but no oleic oleate was removed. 52 The TEM images and XRD spectra of the NPs synthesized are presented in (SI, Figures S1 and S2 ). The latter demonstrate that the crystalline structure is similar in all the samples. The magnetic measurements indicate that NPs are superparamagnetic (see SI, Figure.S3 ).
According to the FTIR data of the NP1 and NP3 samples (see SI, Figure S4 for details), the former NPs contain a larger fraction of oleic acid than the latter NPs, yet in the former case, poorly adsorbed oleic acid is present (see SI, Scheme S1). Thus, NP1 and NP2 have similar oleic acid shell but different sizes, whereas NP2 and NP3 have similar sizes but different shell structures.
We expected that the presence of the extra amount of oleic acid in NP1 and NP2 might impede the encapsulation by PMAOD due to disruptions in the formation of a hydrophobic double layer. The encapsulation with PMAOD was carried out by first dissolving PMAOD in the chloroform solution of NPs, followed by evaporation of the chloroform and addition of 20% of TBE buffer with subsequent sonication, heating, and purification. It is noteworthy that the excess of PMAcOD (formed upon hydrolysis of PMAOD) should be removed promptly from the NP sample to prevent etching of iron oxide NPs.
To our surprise, independently of the NP type and size, stable NPs coated with PMAcOD were formed. We assume that in the presence of PMAOD, the replacement of the extra oleic acid molecules nonadsorbed on the NP surface is favored due to cooperative interactions of the PMAcOD units and the entropy increase. The NPs coated with PMAcOD are stable for months and do not require any additional stabilization, such as shell cross-linking with amines. 35 For comparative structural studies of NPs and a copolymer, we carried out hydrolysis of PMAOD in 20% TBE buffer to prepare PMAcOD. Because PMAcOD is an amphiphilic alternating copolymer, we expected that it would self-assemble in water, forming some finite ordered structures (see below) where hydrophobic moieties are located in the interior of these structures for energy minimization, whereas carboxy groups (or carboxylates) are exposed to water. As was suggested in ref 58 , self-assembling of the other amphiphilic alternating copolymer, poly(maleic acid-alt-styrene) (PMAcSt), leads to formation of stacked nanotubes.
To estimate the charges of both PMAcOD and NPs coated with this polymer, -potential measurements were taken for PMAcOD, NP1-PMAcOD, and NP3-PMAcOD. As can be seen from Figure 1 , the -potentials of PMAcOD and NP3-PMAcOD are nearly the same in a wide pH range, whereas for NP1, the -potential values are lower. Remember that in the NP1 sample, the NPs are smaller (16.1 nm) than in NP3 (20.8 nm). We observed a similar trend for 20.1 and 8.5 nm NPs coated with carboxy-terminated PEGylated phospholipids (see ref 33) , and we believe this is caused by a different NP curvature, leading to a different charge density in the NP exterior (lower for the smaller NPs and higher for the larger NPs). The similarity of the -potentials of PMAcOD and NP1-PMAcOD suggests the similar charge density on the nanostructure surface. At pH 7, the -potential of NP3-PMAcOD is about -40 mV, which is comparable to that of PEGylated phospholipid-coated NPs used as successful templates for Brome Mosaic Virus capsid self-assembling. 33 Figure 2 shows TEM images of NP1 and NP3 coated with PMAcOD. This figure demonstrates that the NPs stay intact (no etching) and do not aggregate.
3. Characterization by SAXS. SAXS measurements were employed to characterize the structural organization of PMAc-OD and the NP1-PMAcOD sample in aqueous solutions. To the best of our knowledge, the self-assembling of PMAcOD in water was never studied before, while SAXS studies of selforganization of other alternating amphiphilic copolymers are scarce. 58 3.1. PMAcOD Self-assembling: SAXS and Modeling. The experimental scattering profile from the PMAcOD copolymer in solution is shown in Figure 3 . The distance distribution function p(r) calculated from the experimental data (Figure 3 (2) is backtransformed from p(r) and extrapolated to zero scattering angle. The smooth curve (3) is a typical best fit from a disklike bilayer constructed from atomic models of individual -MAcOD-units.
for lipid bilayer structures and appear due to the hydrophobic regions in the copolymer, which have a lower electron density than water. The distances of 3-4 nm correspond to the double layer formed by the hydrophobic tails of the PMAcOD unit (1.6 nm for a single tail).
To assess the organization of the PMAcODs' self-assemblies in solution, models were constructed from the energy-minimized single -MAcOD-units and short PMAcOD chains as described in the Experimental Section. Monolayers consisting of the -MAcOD-units in eight different configurations reflecting possible chirality of the linkage carbons were employed to construct micelles and cylinder-shaped aggregates. Further, bilayered structures were employed to produce hollow cylinders, bicelles, and disks (Scheme 1). All of the models were constrained by the experimental maximum size of the aggregate D max ) 40 nm. The scattering intensities from the models were computed using CRYSOL,48, and the discrepancy was calculated between the experimental data and the model scattering. The best fits obtained in each class of shapes are shown in Scheme 1. The disklike bilayers (curve 2) clearly yield the best agreement with the experimental data ( ≈ 1.9), whereas all scattering profiles from the other types of models failed to provide good fits ( > 5).
The scattering patterns calculated from all eight disklike structures constructed from the different configurations of the -MAcOD-units gave very similar fits. All best disklike models had a diameter of 40 nm and a thickness of the bilayer of 3.2 nm, in agreement with the results of GNOM analysis of the p(r) function.
We also attempted to construct models from the building blocks consisting of 10 -MAcOD-units obtained by molecular modeling (see the Experimental Section and SI). The disklike models with D ) 40 nm and thickness 3.2 nm again yielded the best fits, albeit showing features at higher angles that were not present in the experimental SAXS data (see example in the SI, Figure S6 ). Most importantly, the modeling by short chains further confirmed the shape of the self-assembled PMAcOD to be a disklike bilayer. Similar shapes for ensembles of amphiphilic molecules, mostly for phospholipids, are described in the literature. 59-62 3.2. Nanoparticles Coated with PMAcOD. The experimental scattering profile from NP1-PMAcOD in solution shown in SCHEME 1: Modeling and Search for the Best Fits a a In the figure inside the scheme: experimental scattering curve from the PMAcOD copolymer in solution (1) and the best fits to the experimental profile of the scattering patterns computed from disks (2), solid (3), and hollow (4) cylinder-shape aggregates, and bicelles (5), constructed using atomic structures of the -MAcOD-units. This scattering is dominated by the contribution from the metal, which has a much higher contrast than the amphiphilic copolymer. The average radius of the iron oxide cores can thus be directly estimated from the position of the first minimum, s 1 ( Figure 4 ) as 38 R ) 4.49/s 1 . This value was found to be 7.9 nm, which correlates well with nanoparticle diameter of 16.0 nm from TEM. The initial portion of the SAXS pattern (scattering vectors less than s 0 ≈ 0.2 nm -1 ) displays an upward trend, indicating that a small portion of large aggregates is present in the NP1-PMAcOD solution. To extract the contribution due to individual particles, the scattering pattern in the range s > s 0 was processed by the indirect transformation program GNOM 56 to compute the distance distribution function p(r) (Figure 4, bottom left inset) . In the range of interatomic distances below 15 nm, the bell-shaped p(r) function resembles that of a spherical particle but at larger distances slight negative excursion is observed up to D max ≈ 22.5 -23.0 nm. These negative values of p(r) are clearly due to the negative contrast of the hydrophobic PMAcOD tails against water, and this allows one to estimate the thickness of the hydrophobic double layer formed by PMAcOD + oleic acid as (22.5 -16.0)/2 nm or (23.0 -16.0)/2 nm ≈ 3.2 -3.5 nm, in agreement with the length of both hydrophobic tails partially interdigitated. No similar structures to those observed for pure PMAcOD in water were detected, suggesting that inclusion of the PMAcOD molecules in the NP shell is more favorable than their free self-assembling in the presence of NPs.
The back-transformed p(r) function yielded the scattering pattern of a single NP1-PMAcOD particle ( Figure 4 , curve 2), which was subtracted from the experimental SAXS data to yield an estimate of the scattering from the aggregates ( Figure  4 , curve 4). The shapes of the nanoparticles and of the aggregates were reconstructed ab initio from the corresponding scattering patterns by the program DAMMIN. 46 A typical shape of the NP1-PMAcOD particle represented by an ensemble of densely packed beads (upper inset in Figure 4 ) yields a good fit to the experimental data in the range s > s 0 with discrepancy ) 1.2 (curve 3 in Figure 4 ). Note that the shape reflects solely the structure of the iron oxide core, thanks to its high positive contrast. The multilayered interior of the model reflects the process of the formation of the iron oxide core from smaller nuclei, as discussed in our preceding paper. 34 The shape of the aggregates, also presented in the upper inset of Figure 4 , reveals an irregular conglomerate containing about 30-40 individual NP1-PMAcOD particles (in panel b, the aggregate is superimposed onto the single particle). Because the zero-angle It is interesting to compare the present results with those obtained earlier for iron oxide nanoparticles encapsulated by phospholipids with poly(ethylene glycol) tails (PEG-PL). 34 In the latter paper, SAXS revealed dynamic clusters consisting, on average, of four individual particles, and a question may arise whether and how a system containing clusters of a few particles can be distinguished from a largely monodisperse system of individual particles containing a small fraction of large clusters. In Figure 5 , the scattering from the PEG-PL-coated nanoparticles taken from ref 34 (curve 1) is superposed with the experimental scattering from NP1-PMAcOD solution (curve 2); the angular scale of the former pattern was multiplied by a factor of 0.8 taking into account the difference in size between the two types of nanoparticles). The system of the PEG-PL-coated nanoparticles displays a characteristic scattering profile with a shoulder at small angles reflecting interference among the particles within the clusters, whereas the scattering from NP1-PMAcOD does not display any interference effects, but shows a moderate upturn at very small angles (i.e., very large sizes). One can therefore conclude that NP1-PMAcOD NPs in solution are not cross-linked by the alternating polymer but, instead, remain largely as individual nanoparticles.
4. Pyrene Uptake: Fluorescence Measurements. Because hydrophilization of hydrophobic NPs is carried out due to hydrophobic interactions, it is important to evaluate the stability of such amphiphilic shells. One might suggest that the presence of hydrophobic or amphiphilic molecules in the NP solutions might destroy the hydrophobic double layer, leading to NP precipitation. To investigate the stability of the hydrophobic double layer, we studied uptake of a hydrophobic molecule, pyrene, using fluorescence measurements. 63, 64 It is known that pyrene has a very distinctive fluorescence spectrum whose characteristics change depending on the polarity of the surrounding medium. Typically, the ratio of the intensities of peak 3 (I 3 at 385 nm) to peak 1 (I 1 , 0-0 band at 374 nm) 63 or vise versa 64 are used to characterize the pyrene environment. In water, I 1 /I 3 is in the range 1.7-1.8, but in hydrophobic solvents or in surfactant micelles, this value is 1.10. 65 Figure 6 shows fluorescence emission spectra of NP3-PMAcOD and of pure pyrene (inset). The I 1 /I 3 changes from 1.71 for water to 1.39 for the 0.07 mg/mL NP3-PMAcOD solution, revealing that pyrene partitions into the hydrophobic layer. Figure 7 displays a dependence of I 1 /I 3 on the NP3-PMAcOD concentration in aqueous solutions. Even at a concentration of 0.007 mg/mL, some pyrene molecules have a hydrophobic microenvironment, whereas at further dilution, the NP3-PMAcOD influence on fluorescence is hardly noticeable. It is noteworthy that at NP3-PMAcOD concentrations of 0.35 and 0.7 mg/mL, the pyrene fluorescence is completely quenched. This quenching might be ascribed to close packing of pyrene molecules in the hydrophobic double layer of the NP shells, but normally, the quenching with a neighboring pyrene molecule results in excimer formation, 66 the emission of which is not observed in our case. In a control experiment, we demonstrated that the presence of PMAcOD in solution in concentrations equal to or higher than the NP concentration of 0.7 mg/mL does not quench the pyrene emission, but in the solid mixed film consisting of PMAcOD and pyrene, pyrene is partially quenched. We believe that the pyrene quenching in the PMAcOD shell of iron oxide NPs should be due to a change of the pyrene packing conformation (compared to pure pyrene), probably combined with adsorption and subsequent charge-transfer interaction with the nanocrystal, as was discussed by Turro et al. for functionalized pyrenes and γ-Fe 2 O 3 NPs. 67 Figure 8 shows the TEM images of NP3-PMAcOD before and after pyrene uptake. The TEM grids were stained with uranyl acetate to accentuate the shells. Because the shell exterior is decorated with carboxyl groups, uranyl cations form clear dark lines around NPs. The shell size calculated based on 200 NPs (in four shell locations of each particle) is 3.3 nm with a standard deviation of 25%. This value is consistent with a double layer of hydrophobic tails (fully extended oleic acid and octadecene tails) with partial interdigitation, matching SAXS data. A close look at Figure 8a suggests that the stain penetrates beyond the NP exterior toward the iron oxide core, revealing that the shell is not dense. After incorporation of pyrene, the shell size slightly increases to 3.7 nm (with a standard deviation of 6.3%), thus matching the size expected for a hydrophobic double layer. The shell also becomes very dense, appearing white on the TEM image (Figure 8b ). This is consistent with densely packed pyrene between hydrophobic tails, leading to the increase in the shell density.
Conclusions
Stable hydrophilic NPs were prepared by encapsulation of hydrophobically coated monodisperse iron oxide NPs of 16-21 nm in diameter and with different surface properties using alternating copolymer PMAOD. After hydrolysis, this copolymer forms disklike structures in water which, however, do not exist in the presence of NPs. In the latter case, each PMAcOD molecule attaches mainly to the surface of a single NP, and SAXS unambiguously demonstrates that 99.9% volume fraction of NPs coated by PMAcOD are individual nanoparticles. The presence of extra oleic acid on the surface of NPs does not prevent encapsulation with PMAcOD due to PMAcOD cooperative interactions and an entropy increase. Fluorescence measurements of the pyrene uptake by NPs coated with PMAcOD demonstrate that pyrene can be absorbed by the hydrophobic double layer without disintegration of the double layer, revealing a high degree of stability of the PMAcOD coating.
